It also appears that, in addition to the nucleophile and acid/base catalysts, two other amino acids are involved with the catalytic cycle, accelerating the deglycosylation step. Agars and carrageenans are hydrophilic polysaccharides with unique rheological properties and are widely France 2 Station Biologique de Roscoff used as texturing and moisturizing agents in various industries [1]. They are extracted from the cell walls of UMR 1931 (CNRS and Laboratoires Goë mar) Place Georges Teissier, BP 74 marine red algae (Rhodophyceaea), a eukaryotic lineage as ancient as one billion years [2], where they naturally 29682 Roscoff Cedex France occur in the form of pseudocrystalline matrix polysaccharides associated with cellulose [3]. They consist of 3 Architecture et Fonction des Macromolé cules Biologiques a linear backbone of galactopyranose units linked by alternating ␣(1 → 3) and ␤(1 → 4) linkages. While all of CNRS-IFR 1, 31 Chemin Joseph Aiguier the ␤-linked residues of these galactans are in the D configuration, the ␣(1,4)-linked galactose units are in the 13402 Marseille Cedex 20 France L configuration in agars and in the D configuration in carrageenans. A further layer of complexity is introduced by the occurrence of a 3,6-anhydro bridge in the ␣(1,4)linked galactose residues and, particularly in carrageen-Summary ans, by a variable number of sulfate substituents per disaccharide repeating unit [3]. Background: -carrageenans are gel-forming, sulfated
Figure 1. Schematic Diagram Showing Two
Disaccharide-Repeating Units of -carrageenan difference map using data collected in our laboratory at 1.5418 Å (data not shown), are bound to the surface acidic amino acid residues, tightening the crystal packing. Another cadmium ion is bound to H183 in the active site, but this is likely to be a crystallization artifact. Finally, a seventh cadmium ion is bound with an almost octahedral geometry on the convex face of the enzyme. It is coordinated by the carbonyl oxygen atoms of E48, G79, and D289, a carboxylate oxygen atom of this latter residue, and three water molecules. The crystal structure also displays seven chloride ions that are ionically bound to the cadmium ions.
As expected from its structural membership to family-16 hydrolases [12, 13], the fold of P. carrageenovora -carrageenase is more closely related to other family-16 enzymes than to family-7 members. To compare those three-dimensional structures, the DALI server was used [25] . Out of the 271 residues of -carrageenase, a core of 198 residues can be superimposed with the structure of B. macerans 1,3-1,4-␤-glucanase (PDB code 2ayh), with a root-mean-square distance (rmsd) In the presumed to be in a disordered conformation.
The P. carrageenovora -carrageenase is an almost first step (glycosylation), one of the carboxyl group acts first as a general acid, protonating the glycosidic oxygen all-␤ protein with a globular shape and dimensions of 60 ϫ 50 ϫ 40 Å . It consists of a ␤ sandwich formed concomitantly with bond cleavage. The other catalytic residue acts as a nucleophile, forming a covalent glyco-by two main, closely packed and curved antiparallel ␤ sheets of six and seven strands each, creating a deep syl-enzyme intermediate. In the second step (deglycosylation), the general acid now acts as a general base channel (Figure 3 ). The interface between these ␤ sheets, referred to as A and B, is mainly hydrophobic, and deprotonates a water molecule, which attacks the anomeric carbon and releases the sugar. Both steps but it also presents several hydrogen bond networks that link the internal and external sheets (H180 ↔ N206 occur via transition states with substantial oxocarbenium ion character [27] . and Q241, Q257 ↔ T85 and T284, W57 ↔ D47, D165 ↔ W232, H205 and Q202 ↔ K242, and H183 ↔ W247).
The nucleophile and acid/base catalytic residues of family-16 of glycoside hydrolases have already been According to the secondary structure assignment by DSSP [24] , three minor antiparallel ␤ sheets, A1, C, and unambiguously identified in the B. macerans 1,3-1,4-␤glucanase [17, 19, 20] . The corresponding residues in P. D, and a one-turn ␣ helix complete this fold. The long and highly twisted strands ␤5 and ␤6 (␤ sheet A1) are carrageenovora -carrageenase are E163 (nucleophile) and E168 (acid/base) on strand ␤10. However, com-closely associated to the strands ␤19 and ␤20 (␤ sheet D), topping the channel. Their mostly hydrophobic inter-pared to the homologous ␤ strand that, in lichenases, carries the catalytic residues, one valine residue is in-actions are strengthened at the tip of the strands by several structural features. The only disulfide bridge in serted in the -carrageenases [12, 13]. Yet, in spite of this insertion, the catalytic residues of the two enzymes the protein, between C98 and C268, connects the turns between ␤5 and ␤6 and ␤19 and ␤20, respectively, while are exactly superimposed, because of the occurrence, in strand ␤10 of -carrageenase, of a ␤ bulge that is the Q270 side chain binds strand ␤5 through a bidentated hydrogen bond with the backbone carbonyl group absent in the lichenase (Figure 2 ). The -carrageenase hydrophobic core has undergone some changes to ac-and nitrogen atom of W95 and D96, respectively. A carboxylate group of this latter residue also presents a commodate this ␤ bulge. In the case of B. macerans 1,3-1,4-␤-glucanase, residue I108, which points toward short hydrogen bond (2.51 Å ) with the hydroxyl group of Y272. These extensions of the external sheet and the the protein hydrophobic core, interacts with F110 and F149. In P. carrageenovora -carrageenase, the replace-strands ␤12 and ␤13 of the internal sheet concur in creating a long tunnel in the concave face of the protein ment of the former residue by the V166-V167 ␤ bulge is compensated by the substitution of the two phenylala-(see also Figure 6 ).
Five cadmium ions, identified in an anomalous Fourier nine residues by less voluminous amino acids, L169 and Figure 8) , makes a short hydrogen bond (2.54 Å ) with the of 27 Å 3 can be calculated, which results from the valine insertion in -carrageenase. Slight movement in the pro-nucleophile E163 OE2. Such a small distance suggests that this is a low-barrier hydrogen bond [30] and that tein structure can accommodate this excess. Interestingly, while ␤ bulges are thought to play an important the proton can move freely between E163 OE2 and D165 OD1. Mutation of the aspartate residue to asparagine in biological role in proteins [29] , such a role is not observed in family-16 glycoside hydrolases.
V223. Considering only these substitutions, an excess throughout the clan-B of glycoside hydrolases (see
B. macerans 1,3-1,4-␤-glucanase results in only residual activity, less than 1% of wild-type [20] . It was suggested Asp165 and His183 Are Involved with the Catalytic Cycle that this conserved aspartic acid plays an important, but not crucial, role in catalysis. However, the D → N As expected for a retaining glycoside hydrolase [22], the carboxyl groups of the nucleophile (E163) and the mutation does not abolish the possibility of a hydrogen bond between E103 and the N105 amide group. In Tri-acid/base catalyst (E168) amino acids of P. carrageenovora -carrageenase are separated by 5.4 Å . E168 is choderma reesei endoglucanase I, the equivalent residue, D199, is believed to maintain the nucleophile, E197, involved in hydrogen bonding with four solvent molecules only, which are the candidates to act as catalytic in the negatively charged state at the beginning of the catalytic cycle and probably the correct pK a for E197 incoming water molecules. In contrast, E163 is firmly oriented by hydrogen bonds to Y161, which is conserved and E202 [31] . As illustrated in Figure 5 , we propose an additional role for this strictly conserved amino acid. In in the two -carrageenases known so far, and to D165. This latter residue, which is indeed strictly conserved the catalytic cycle, after the formation of the glycosyl-with OE2 of this latter residue. D165 may thus be involved in catalysis by accelerating the deglycosylation step, possibly by two orders of magnitude, as suggested by the low residual activity of the mutated enzyme [20] . This hypothesis is supported by a close inspection of the structure of B. macerans 1,3-1,4-␤-glucanase in complex with a suicide inhibitor (1byh) compared to the native enzyme structure (2ayh) [17] . In the inhibitor complex, the distance between D105 OD1 and E103 OE2 is increased from 2.50 to 3.54 Å , which precludes any hydrogen bonding between these two residues in the glycosyl-enzyme intermediate state. Furthermore, in the case of -carrageenase, D165 OD1 is also hydrogenbonded to H183. This histidine residue appears to be conserved in ␤-agarases and 1,3-␤-glucanases as well as in family-7 cellulases (Figure 8 ). It is thought to be involved in proton trafficking, thus ensuring regeneration of the correct protonated states of the catalytic residues [31] . We suggest that both the conserved aspartic acid and histidine residues (D165 and H183, numbering of -carrageenase) cooperate in proton trafficking during the deglycosylation step.
P. carrageenovora -carrageenase Features a Closed, Tunnel-like Active Site
As emphasized by the representation of the electrostatic surfaces of P. carrageenovora -carrageenase and B. (from I185 to W195) and ␤19 and ␤20 (from L259 to G281).
Finally, relative to 1,3-1,4-␤-glucanases, two other enzyme intermediate, the low-barrier hydrogen bond is
structural modifications alter the fine topology of the -carno longer possible between E163 and D165 (numbering rageenase active site. First, between the -carrageenase of -carrageenase), leading to the protonation of the strands ␤11 and ␤10 (the latter carrying the catalytic aspartic acid residue. In the transition state, the D165
residues), a glycine residue is substituted by Q171, a proton competes with the positive charge of the anochange which occurs in -carrageenases only (see Figmeric C1 atom, lowering the strength of the covalent ure 8). The mutation is associated with a 6 Å movement linkage between the anomeric carbon and E163, hence of the T170-V175 loop toward the active site compared favoring the reformation of a low-barrier hydrogen bond
with the position of the equivalent loop in 1,3-1,4-␤glucanases. The side chain of Q171 is thus positioned near the catalytic residue E168, and it takes part in a hydrogen bond network between various residues conserved in -carrageenases as follows. Q171 is hydrogenbound through its NE2 to D179 OD2, which also makes a salt bridge with K172, and through its OE1 to the NH2 and NE of R260, an arginine residue likely to be critical for -carrageenan recognition (see below). Second, the -carrageenase markedly differs from B. macerans 1,3-1,4-␤-glucanase in the structure of the loop between the ␤2 and ␤3 strands (numbering of -carrageenase).
In the lichenase, this loop (A21-N26) carries a tyrosine residue, Y24, involved with enzyme specificity: it is thought to interact with a mixed-linked ␤-hexaglucoside polysaccharide chain at the cleavage site.
After the site of cleavage, the protein cavity is particularly narrow. The aglycon binding site is composed of likely that substrate binding involves ionic interactions only two subsites. In subsite ϩ1, the 3,6-anhydro-Dwith basic amino acid residues. Consistently, the elecgalactose unit is surrounded by hydrophobic residues, trostatic surface of -carrageenase exhibits a markedly W266 and F271, located in the inner face of the tunnelhigher density of positive patches than that of B. macerforming ␤ sheet D. Its single free hydroxyl group, at O2, ans 1,3-1,4-␤-glucanase ( Figure 6 ). On the other hand, forms a hydrogen bond with the nitrogen atom NE2 of the 3,6-anhydro-D-galactose residues of -carrageenan H183, the conserved histidine residue mentioned above are neutral and bear only one free hydroxyl group.
as being involved in proton trafficking. In subsite ϩ2, Hence, they are more hydrophobic than D-galactose-4the ␣ face of the D-galactose-4-sulfate hexopyranose sulfate or even regular D-galactose residues, and the ring is stacked against the indole ring of tryptophan part of hydrophobic interactions of -carrageenase with W266. At first glance, the sulfate group of this -carraits substrate should be significant for the binding of the geenan monosaccharide unit may be seen as being exneutral sugar moieties. Altogether, one might expect posed to the solvant. However, arginine R196, a conthat substrate binding by -carrageenase involves ionic served residue in -carrageenases, is close enough to interactions between the polysaccharide sulfate-ester be a potential ligand of this anionic charge. In the native substituents and the protein basic residues and a spestructure of -carrageenase reported here, the side cific hydrophobic environment for the 3,6-anhydro-Dchain of R196 is stacked against N269, forming a bidengalactose units. tated hydrogen bond with the O6 hydroxyl group of the The ionic and hydrophobic interactions involved with D-galactose-4-sulfate unit held in subsite Ϫ5. Neverthe--carrageenan recognition were analyzed in more detail less, a 180Њ torsion of 3 would be sufficient to place on the basis on the enzyme-substrate complex model R196 NH1 and NH2 in appropriate positions to ionically proposed above (Figure 7) . In subsites Ϫ5 and Ϫ4, the interact with the D-galactose-4-sulfate substituent in D-galactose units are outside the tunnel, near the ␤13 subsite ϩ2. Given the flexibility of arginine residues, strand, which extends out toward the solvent. In subsite these two possibilities are not mutually exclusive. We Ϫ5, the O6 hydroxyl group of D-galactose-4-sulfate is suggest that, when the -carrageenan chain is bound hydrogen-bound to N269 NE2 and R196 NH1 and NH2, in a productive manner, R196 establishes a salt bridge two conserved residues in -carrageenases. The glutawith the sulfate group in subsite ϩ2 until the end of the mine residue Q100 NE2 could also form a hydrogen first hydrolysis step. Following aglycon departure, and as subsite ϩ2 becomes empty, the conformation of bond with the O2 hydroxyl group of this galactopyranose
R196 then changes, bringing its side chain back to its drolases [21], the protein moves along -carrageenan chains from their reducing end to their nonreducing end. initial position until the release of the glycosyl-enzyme and the translocation of the -carrageenan chain. If this is true, R196 would be a critical residue to account for
Structural and Evolutionary Relationships the processivity of -carrageenases.
within catalytic residues E163 and E168 (numbering of -carrageenase) as well as D165, also thought to be involved Following the initial attack, the processively-acting -carrageenase must somehow remain associated to with the catalysis. Residues (12) are strictly conserved within family-16. Moreover, 34 amino acids appear to its substrate. In processive cellulases such as T. reesei cellobiohydrolase I, the cellulose chain is thought to be be highly homologous residues. Almost all of these residues are located in the lower part of the ␤ sandwich, threaded through the tunnel, via a sliding motion favored by "lubricating" tryptophan residues along the active-between ␤ sheets A and B. Their structural and functional significance is analyzed below. site cavity [33] . The dual, heteropolysaccharidic nature of the -carrageenan-repeating unit precludes such a Folding Landmarks The conserved residues (60%) belong to the hydropho-sliding mechanism, since the D-galactose-4-sulfate and 3,6-anhydro-D-galactose moieties are accommodated bic belt framing up the interior of the ␤ sandwich. The main network of contiguous hydrophobic clusters runs by markedly different subsites (Figure 7) . To account for -carrageenase processivity, one must thus assume a along the channel axis, forming a backbone of 25 Å , sustaining the whole structure as follows: F49, V291, "hopping" motion involving periodic enlargements of the tunnel, yet with the protein channel serving as a  V225, W57, L253, A128, F143, Y126, M145, V223, I230,  W232, I164, I230, and L182 . Two well-conserved minor guide along the polysaccharide chain. In retaining hydrolases, hydrolysis can occur only when the glycoside hydrophobic networks complete the hydrophobic core frame: the first, made up of F49, L81, and L83, is perpen-bond at the cleavage site is pointing toward the acid/ base catalyst. In carrageenans, the alternation of ␤-1,4 dicular to the cleft axis, while the second, close to the external sheet and parallel to the main conserved clus-and ␣-1,3 linkages results in two successive ␤-1,4 bonds alternatively pointing up and down, respectively (Fig-ter, is composed of I130, Y221, and V234 . Another group of conserved residues with a crucial structural role in-ure 1). Assuming that between two rounds of hydrolysis the enzyme-substrate complex cannot undergo re-cludes G79, G124, G138, Q171, G236, Q250, and P283 in P. carrageenovora -carrageenase. All of these residues arrangements more extensive than a slight enlarging of the tunnel, the hopping period along the -carrageenan are located at the beginning of the ␤ strands imposing changes in the direction of the polypeptide chain, either would correspond at least to the tetrasaccharide, kappa-neocarratetraose-sulfate. Furthermore, given our between two antiparallel ␤ strands within the same sheet or between the ␤ stands of two different sheets. model of the -carrageenan--carrageenase interactions (Figure 7) , the tunnel-forming residues maintain the
Calcium Binding Site and Other Stabilization Sites
In family-16 proteins, residues G79 and D289 are strictly product side (negative subsites) more than they maintain the aglycon side of the polysaccharide chain. Therefore, conserved, and E48 is functionally conserved, whereas these amino acids are absent in family-7. In B. macerans the covalent reaction intermediate is likely to be a polysaccharide-enzyme, not a -carrageenan oligosaccha-1,3-1,4-␤-glucanase, these amino acids are known to constitute a calcium binding site [17] . Chemical un-ride-enzyme. It follows that, in agreement with the threading direction determined for family-7 cellobiohy-folding and thermal inactivation experiments have quences of B. macerans 1,3-1,4-␤-glucanase  (1ayh) and F. oxysporum endo-1,4-␤-glucanase (1ovw, residues 83-152 and 195-398 shown that binding of calcium at this site stabilizes the nine in 1,3-1,4-␤-glucanases. In the case of -carrageenases, we proposed above that this aromatic residue 1,3-1,4-␤-glucanase structure, prevents aggregation, and possibly enhances thermostability [38] . In the case (W144) is also interacting with the D-galactose-4-sulfate, i.e., the very glycosidic moiety engaged in hydroly-of -carrageenases, the 1dyp structure reveals a cadmium ion in the same location. Since cadmium was used sis ( Figure 5 ). Consistently, in the structure of the F. oxysporum endoglucanase I complexed with thio-DP5 for crystallizing the -carrageenase and calcium ions are abundant in sea water (10 mM), it is likely that this [26], the lower face of the D-glucose unit in subsite Ϫ1 is interacting with Y145, the aromatic residue homolo--carrageenase site genuinely binds calcium, resulting in a higher stability. As these ligands are conserved gous to W144. Hence, we suggest that, whichever their substrate specificity, clan-B polysaccharidases feature throughout the family-16, 1,3-␤-glucanases, ␤-agarases, and XETs probably also bind calcium at this lo-one aromatic residue in subsite Ϫ1 of their catalytic machinery, for the correct positioning of the glycoside cation.
On the convex face of the -carrageenase, two partic-unit undergoing nucleophilic substitution.
Clan-B Glycoside Hydrolases Fall into Two Subgroups ular electrostatic interactions are conserved. Near the calcium binding site, OE1 and OE2 of E48 form a biden-with a Different Active-Site Fine Topology
At strictly conserved positions, all clan-B glycoside hy-tate salt bridge with the NH2 and NE, respectively, of R292, while this latter residue is stacked against Y290. drolases feature the nucleophile and acid/base catalytic amino acids (E163 and E168, numbering of P. carrageen-As the E48 carbonyl group also binds the cadmium/ calcium ion, these interactions probably strengthen the ovora -carrageenase) as well as D165, a residue that is thought to also be involved in catalysis (see above). cation binding site. The other conserved salt bridge involves H219 and D235. H219 stacked against F212 However, relative to the fine structure of their active site, clan-B glycoside hydrolases are split into two distinct makes two hydrogen bonds, one through ND1 and the OD2 carboxylic group of D235, and the other between subgroups (Figure 8) . In the first group, which includes 1,3-1,4-␤-glucanases and XETs, the catalytic amino NE2 and the carbonyl group of N216. It is likely that these two conserved hydrophilic patterns concur with acids are held by a regular ␤ strand [17] . The second group, which includes -carrageenases (this study), but the calcium binding site to stabilize the family-16 proteins.
also ␤-agarases, 1,3-␤-glucanases, as well as family-7 cellulases, is characterized by the occurrence of a ␤ Clan-B Glycoside Hydrolases Feature an Aromatic Amino Acid at Subsite Ϫ1 bulge in the homologous ␤ strand, yet with no consequences as to the relative positions of the catalytic In spite of the wide substrate diversity of clan-B, all of the glycoside hydrolases of this clan feature one aromatic amino acids. The -carrageenases, ␤-agarases, 1,3-␤glucanases, and family-7 cellulases again differ from residue at the site of cleavage, namely, tryptophan in -carrageenases, ␤- agarases, and 1,3-␤-glucanases;  1,3-1,4-␤-glucanases and XETs by the presence of a conserved histidine residue (H183), hydrogen-bound to tyrosine in XETs; and family-7 cellulases and phenylala- In our current view of the endoprocessive mechanism versus regular ␤ strand and tyrosine). Since the former toplogy is more widely distributed than the latter, includ-of P. carrageenovora -carrageenase, the protein initially attacks its substrate as an endoenzyme, with an ing the topology across the family 7-16 boundary, we suggest that it is more ancestral. -carrageenases, ␤-agaopen tunnel, then translocates toward the nonreducing end of the -carrageenan chain, "hopping" by four ga-rases, 1,3-␤-glucanases, and family-7 cellulases would, therefore, have conserved a primitive active site, from lactosyl units, probably requiring a slight enlargement of the tunnel cavity. As for cellulases, the natural sub-which evolved the catalytic center of 1,3-1,4-␤-gluca-yield was 4-5 mg/l culture medium, and the purified protein was strate P. carrageenovora -carrageenase, which conconcentrated to 6 mg/ml using a dialyzing concentrator (Amicon).
sists of stacked bundles of double-stranded galactan
The seleno-L-methionine-labeled protein was expressed by a chains networked by more amorphous chains, comslightly different protocol, since the published procedure using prises solid and crystalline regions. It is therefore tempt-LeMaster medium [44] led to cell lysis and no expression, due to ing to speculate that, like in cellobiohydrolases, the tunseleno-L-methionine (Se-Met) toxicity. Recombinant E. coli B834 (DE3) cells were first incubated at 37ЊC in a medium similar to that nel of -carrageenase is involved with both processivity 
